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Abstract 


We extensively review the evaporation of black holes in AdS along with their thermal interpreta- 
tion, holographic description, relative differences between initial and final states of emitted systems 
and in turn how our geometry is affected while studying these processes along with the current un- 
derstanding of string theory in these regimes. In addition to the these properties, we are interested 
in analysing how these ideas relate with semiclassical General Relativity which may arise from 
different areas of validity for the ads/CFT correspondence. We note on the optimal consequences 
of compactifications of Supergravity in effective field theories. Using this technique, we further ex- 
plore the geometrical behavior when gravity is turned on and study how it affects compactifications 
and allows singularity structures consistent with 2D Geometries. We assume these topologies as 
naturally interpreted horizon-related phenomenon. Superluminal signalling is ruled out if and only 
if one assumes that no superradiance occurs during evaporation; but it is allowed within the thin 
membrane paradigm already introduced earlier in this context. 


1 Introduction 


There have been attempts to develop some analytic 
intuition for Hawking radiation emitted by a quan- 
tum mechanical system near non-extremal horizons 
in gravity duals associated with conformal field the- 
ories (CFT’s). [1] Even though string theory provides 
us with many examples — 5+1 dimensional toroidal 
compactifications [2] being perhaps most prominent 
— that realize various features ascribed to CFT’s, no 
definitive way exists to derive their properties analyt- 
ically except if they are supersymmetric [3]. To un- 
derstand better how Hawking radiation works in non- 
perturbative settings, and whether or not extremality 
plays any role once interactions are included beyond 
tree level remains a basic question. Also relevant here 
is whether Hawking decay rates depend on initial con- 
ditions as suggested for some examples modeled af- 
ter false vacuums near planar interfaces separating re- 
gions far apart [4]. Some progress has been made to- 
ward answering these questions by using approxima- 
tions appropriate for treating quantum fields around 
static spherically symmetric backgrounds [5-8] but 
understanding fully dynamical situations remains ex- 
tremely difficult. For generalizations without spherical 
symmetry, calculations become prohibitively compli- 
cated once more degrees freedom are introduced thus 


leaving only numerical treatments possible at present. 
Understanding such processes analytically may be es- 
sential both for analyzing experiments involving grav- 
itational collapse where detailed information about de- 
caying modes and remnants might be important [9, 10] 
as well as gaining insight into the properties of ther- 
malization processes arising when infalling matter 
scatters off outgoing wavepackets rather than individ- 
ual quanta as we would expect if backreaction was 
neglected [11]. However there remain several open 
questions about such systems whose answers hinge 
crucially on understanding tunneling amplitudes. Be- 
cause decay rates become infinite when poles cor- 
responding to propagating particles reach imaginary 
w axes this requires analytical techniques not used 
hitherto since they must deal precisely with decay- 
ing boundary conditions. Prior to this earlier work 
has been done for black holes in flat space [12, 13] 
and those describing motion over finite distances [14] 
following our review includes only those parts neces- 
sary both because different methods produce slightly 
differing results once subleading terms begin becom- 
ing significant and because we wish eventually derive 
semi-classical estimates about what happens during in- 
termediate stages wherein other quantum phenomena 
cannot yet properly set it. 


It'd thus be interesting to study particle creation as- 
sociated with spontaneous vacuum polarization taking 
place outside non-rotating uncharged BTZ black holes 
considered before semiclassical corrections were com- 
puted numerically [15], while some interesting stud- 
ies of fermions near Schwarzschild/Kerr also appeared 
very recently [16-18]. In particular it was noticed 
that there exists a large literature focusing mostly on 
fermionic quasinormal modes at late times and consid- 
ering large charge (J/h) limits [19-22]. Other works 
discuss thermal effects due to higher spins leading 
away from infinite temperature, including connections 
with microscopic descriptions using Euclidean path in- 
tegrals or equivalently Witten diagrams, which pro- 
vide useful tools allowing comparison with classical 
computations discussed below; earlier related results 
have appeared recently. One purpose here is sim- 
ply to take stock by providing new classical formu- 
las since such results can sometimes help uncovering 
structure missed up until now within holographic com- 
putations - this motivates us considering similar se- 
tups as above in various contexts where nonclassicality 
can arise outside spacetimes describing BH horizons 
including those described by higher spin metrics like 
Kerr-Gédel considered previously within the context 
of thermodynamics. 


It is apparent that one key goal involves deter- 
mining whether particle creation has anything special 
about its manifestation around asymptotically locally 
AdS geometries - even when the latter lack event hori- 
zons at least as far as local observers are concerned. 
It'd thus be easy constructing static nonrotating bulk 
solutions from which we extract information about 
their thermality relative bulk energies. Given that su- 
perluminal signaling is ruled out classically one would 
not necessarily expect any major changes between 
cases without rotation nor indeed between asymptot- 
ically flat settings so long as quantum particles do not 
reach lightspeed bounds within semiclassical approx- 
imations of QFTs wherein gravitational backreaction 
effects become important near curvature singularities. 
Such differences could play an important role in rela- 
tion to previous attempts regarding entanglement en- 
tropy growth rates mentioned early on. 


2 Initial Conditions 


One can look for the initial conditions that lead a col- 
lapsing star to its final stage as an extremal (or near ex- 
tremal) charged or non-charged BPS black hole. Re- 


cent investigations were also based on what happens 
when a very slightly charged star (smaller than the 
Schwarzschild radius but still macroscopic) collapses 
gravitationally and forms a neutral object with mass 
mo, that hovers just outside one would expect it, would 
turn into a minimal radius, maximally charge or non- 
charge, Reissner-Nordstrom (RN) geometry since all 
RN geometries share the property of being asymptoti- 
cally flat and therefore having vanishing tidal forces at 
large distances from any point they contain. The ques- 
tion is then if this intermediate quasiBunch State can 
relax in time by emitting Hawking radiation and ulti- 
mately end up as an extremal or near extremal BH. We 
believe that such process will be severely constrained 
by quantum gravity effects which prohibit transitions 
between geometries which are too close together — 
a situation reminiscent of Houches lectures 1997 on 
string cosmology and following work where it was ar- 
gued against cosmic inflation due to brane collisions 
[23]. 


The difference here is that we have no inflation- 
ary models at hand yet capable of resolving our ig- 
norance about microphysics at these energy densities 
except for superstring theory but generically these sce- 
narios do not allow much wiggle room for relaxation 
via Hawking radiation because they require two widely 
separated objects to tunnel through some potential bar- 
rier quickly enough so as to emit sufficient radiation 
compared to their gravitational binding energy while 
remaining consistent with other constraints imposed 
by holographic arguments such as maximum entropy 
per unit four volume ~ m? /m’, so as not violate the 
generalized second law constraint. It must be noted 
however, there might be situations where such tran- 
sition may occur without violating known constraints 
coming from statistical counting arguments involving 
e™ order loop diagrams. One might emphasize that 
since BH horizons tend toward infinite density in units 
appropriate for Planck scale physics therefore one 
has reason not to trust results obtained using conven- 
tional statistical countings carried out by tracing field 
modes around finite sized Schwarzschild geometries 
whose radii exceed their own Compton wavelengths 
too closely — they produce probabilities smaller than 
unity thus signalling breakdown of classical intuitions 
on mode counting grounds unless one incorporates 
backreaction effects directly calculated via effective 
QFT methods; however we see nothing wrong from 
quantum mechanical point of view with transplanck- 
ian trajectories, providing these traversals indeed oc- 
cur inside true event horizons rather than classically 


perceived null hypersurfaces which only exist beyond 
certain critical energies and masses. 


The weakest possible formality condition under 
which spontaneous BH formation might still happen: 
Given some preexisting thermal reservoir initially con- 
taining n+ numbers each distributed according to ei- 
ther g.(E) or g_(—E) respectively whose center ener- 
gies correspond symmetrically above (E > 0) vs be- 
low (E < 0) some unobserved threshold value (U), 
then calculate cross section given partial width factors 
Tan), ij = + -, |[R]|_[= E+ U]. Here IRI} contains 
information about how vacuum polarization modifies 
particle production rates when crossing over different 
vacuum boundaries. It depends separately on quanti- 
ties like transverse momenta etc., also involving ge- 
ometric functions but independent essentially only of 
transverse dimensions (L = 27R_). Using similar for- 
malisms [24] have argued for rapid (spontaneous) pro- 
duction mechanism based both upon local effective la- 
grangians Y = Y,+ Zi +... which can be computed 
using QFT techniques regularized onto Lorentzian hy- 
perboloids ⁄+. This shows how phase space density 
rapidly peaks around certain specific values produc- 
ing copious amount fluctuations just after crossing past 
Schwarzschild horizon whereby total system comes 
increasingly dominated first by positive norm modes 
propagating away from horizon (“out” region) towards 
future null infinity IT becoming pure |+)-type config- 
uration before decaying predominantly into negative 
norm ones along —¢_ directions representing incom- 
ing sea states (“in” regions). This scenario involves 
infinite number oscillations between various pair cre- 
ation processes occurring sequentially across succes- 
sive phase space sheets each supporting 1D chiral rep- 
resentations valid precisely over limited range speci- 
fied above centered about threshold energies leading 
finally under analytic continuation procedure into or- 
dinary 1D positive definite Schrodinger quantizations 
valid away from threshold where continuous partition 
function becomes discrete. 


For our purposes this is sufficient information since 
we are mostly interested not so much in absolute scale 
but rather in relative differences between initial and 
final states of emitted systems (i.e. black hole rem- 
nants) henceforth called fluctuations as well as non- 
trivial time dependence associated with those, being 
crucial for possible observable features at late times 
discussed later. Note that such calculations would lead 
us naturally beyond conventional thin-horizon approx- 
imation and indeed within strong quantum gravity ef- 


fects expected near extremal limits although perhaps 
it would be wrong to expect these effects to vanish 
completely altogether leaving nothing whatsoever at 
all especially when we have reason to believe strong 
correlations leading even potentially allowing back re- 
action effects from radiated Hawking photons them- 
selves cause an appreciable change in the geometry 
surrounding them thereby modifying boundary con- 
ditions effecting spacetime curvature profiles locally 
near critical surface which could separate initial con- 
figurations thus evolving on hyperbolic tangent curves 
emanating orthogonally from singularity. Such modi- 
fications could conceivably affect most drastically that 
portion of dynamics located very near the event hori- 
zon itself. 


3 A Thermal Interpretation of 
Supergravity 


A thermal interpretation for the geometry of D=4, 
NW=8 supergravity is most easily formulated in 
asymptotically flat space-time. There are very few ex- 
amples where this can be done unambiguously and we 
will now turn to geometries which do not asymptote at 
infinity but rather reach an end state before the hori- 
zon sets in. The evaporation process is still compatible 
with a thermal description and leads to entropy con- 
servation if one applies consistent boundary conditions 
at both infinities. In particular, these boundary condi- 
tions agree with those describing gravitational collapse 
which form black holes in flat space-time from flat ini- 
tial data. ; 
dt 
Fyi = 
i 

0 


These rules ensure that neither coordinate times nor 
distance scales up to Planckian values i = lp appear 
during any intermediate stage. Their implementation 
was shown to lead to meaningful results for massless 
particles near E, F = const. For massive objects close 
or on shell, i.e., IZ, >> E? where the Compton wave- 
length becomes comparable or shorter than any length 
scale available, we need some modifications concern- 
ing finite parts of nonanalytic functions as well as sub- 
traction terms within analytic regularizations. 


4 Holographic Description 


In this section we shall briefly review the holographic 
description of BTZ black holes in asymptotically AdS3 


spacetime using Chern-Simons like theory and their 
corresponding microscopic entropy count by evaluat- 
ing one loop on a null segment. This setup has been 
studied in detail before. [25-27] The first law of such 
microstates is written as, 


c =(¢ 

dE = Tia (£) + Ted (=) (1) 
where Tz and Tr are the Hawking temperature of left 
and right movers respectively, with d(@) representing 
right (left) mover copy and they are related to each 
other via eq (1) for p! e !. On the other hand from 
dual CFT perspective one can write down following 
entanglement entropy between subsystem denoted by 
a, with it’s complement denoted by .”, whose varia- 
tion yields above relation upto some constant terms, 


Vol( 
SA, = ed = i 
€E 


(2) 


To evaluate these expressions we note that our so- 
lutions share conformal symmetry with their 3D flat 
counterparts which fixes bulk diffeomorphism up to 
two gauge invariances. These can be fixed completely 
if we fix generalized boundary conditions defined as 


ôg = go)", 


= o”) xt, 


(3) 


The conserved charges associated with above men- 


tioned invariance along null geodesic (z’ = z) have 
following form: 
=S DED A 


where € is a Killing vector (34x, — V, ® = 0), whose al- 
gebra yields well know Virasoro generator upto appro- 
priate linear combination of asymptotic symmetries on 
both sides through Noether theorem at boundary (more 
details will appear elsewhere). To obtain the partition 
function all what needs to be done is then computing 
free energy defined as 

lim 
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here first term comes from usual bulk normalization 
while second term arises because there exist addi- 
tional zero mode contribution due to two boundaries 
(k = —+,-—) labelled by upper case latin letters (@ = 


+,J, = J_) satisfying Neumann (N) type boundary 

conditions having opposite extrinsic curvatures (Ko): 

(a) _ “4 V~8)iisl 

K ij = ar a (6) 

Including them leads us finally obtain expression for 
one sided Cardy like formula for BTZ black hole. 

For Rindler like space time only thermal character 
survives so that calculation becomes somewhat sim- 
pler but final result remains unaltered when including 
non trivial charge degrees. 


5 The Optimal Consequence of 
a Four Dimensional Truncation 
to Three Dimensions 


Consider a four dimensional theory that is a consis- 
tent truncation to three dimensions of supergravity, or 
the low energy effective field theory (LEEFT) on a 
space—like surface in the type IIB string theory, for 
example. It is known that as a solution to its clas- 
sical equations of motion only AdS spacetime satis- 
fies Einstein’s equation everywhere including at infin- 
ity. However it can be argued that the actual quan- 
tum state would satisfy generalization of Einstein’s 
equation with positive cosmological constant because 
this is necessary for unitarity: If an evaporating black 
hole becomes large enough then it will destroy locality 
via signals travelling faster than light — thus violating 
causality. So at some point the time translational in- 
variance has to break down. One natural suggestion 
(at least if there are no gravitons which do not carry 
any rest mass) would be that energy must become neg- 
ative somewhere on its worldline and so we expect 
negative vacuum energies around extremal configura- 
tions as well as around generic non—extremal ones. In 
fact one expects Planck scale deviations from A = 0 
near extremality due to higher derivative corrections; 
there will also be small R?—corrections proportional to 
charge squared etc. The question we shall ask here is 
whether it could happen where A > 0 still remains pos- 
itive throughout? Here we see Yes. The basic strategy 
is simple: Note firstly that once all r — r+const. trans- 
lations have been fixed by boundary conditions at spa- 
tial infinity one has no other residual gauge symmetry 
left, so if one computes only S matrix elements which 
transform like Poincare representations under asymp- 
totic boosts and rotations, one should expect agree- 
ment with CPT invariance when both are correctively 
taken together. Thus what we now need is merely an 


ansatz for any S matrix element satisfying all these 
properties. 

S = ,, f(E(p), L, E(Ap)) (7) 
where L = hbt(€ + 1) (b = GM/ħc) describes rota- 
tionless boosts while Ap represents spacelike momen- 
tum transfers carried by massive particles — but with- 
out specifying their particular spins or masses apart 
from total conserved momenta available. Such particle 
excitations in backgrounds carrying both angular mo- 
mentum and non-zero entropy are called topological 
solitons. They can exist classically owing to an ana- 
logue of the Nambu mechanics describing magnetic 
monopoles whose center locations are dynamical vari- 
ables obeying commutator algebra [x;, xE] = il” Õij 
(a,8 = 1,...,N — 1), whence topological charges take 
values € Z. When quantized they form irreducible 
unitary representations of these global SO(N) sym- 
metries, so long as angular momentum quantization 
ensures degeneracy. Furthermore such particles may 
interact mutually according Lorentz invariant contact 
interactions, providing thus strong interaction chan- 
nels among themselves while remaining confined by 
confinement potential barriers — much like hadrons 
inside nuclei being held together mainly through ex- 
change forces between valence quarks located within 
colorless bags containing numerous gluons whose ex- 
changes constitute QCD forces among external quark 
currents flowing through various hadron bound states 
(“soft colour" models) 


Now consider first processes involving only mass- 
less graviton scattering. In this case, the process 
can be viewed as a spontaneous breaking of S(2,R)- 
supersymmetry with T violating two units. From the 
above it follows that this should have an entropy re- 
lated to area 


A 


L, x —— 
P ~ 4GyM2 


SBH ~ (8) 
It is perhaps worth stressing explicitly at this point that 
there are no other degrees of freedom involved in lead- 
ing order. This implies that not only does such a black 
hole evaporate but also its surface gravity x decreases 
(~ M`!) according to 


(9) 


r4 


8nGy (L 


where r, denotes the radius of the horizon, i.e., its 
largest root given fixed values for Lp, and mass M. For 


example when D = 4, we get x = 1/(4M) indepen- 
dent of initial conditions. Thus there is here dynami- 
cal mechanism producing Hawking radiation which al- 
lows for the evaporation completely independently on 
whether or not any other light fields are present: unlike 
other models all gravitons come out pure left handed 
helicity after they cross horizon. On the field theory 
side one may note from (25) that in fact no information 
about higher D branes enters into computation except 
what their total number adds up to. It’s now convineint 
work out explicitly some qualitative features relating 
these ideas with semiclassical General relativity. We 
begin by noting very generally from classical consid- 
erations based on symmetry alone, if we denote time 
derivatives as prime etc. and define density matrix 


iow = HOY (10) 
then the probability P;(x) that the particle is at point x 
is given by 


wr 
Piw = ÑL expl-S (ih 


(11) 
where the action S(x) for a free particle of mass m 
moving in three-space is defined as usual to be 
m a,b 

S(x) = z Sav(a)dx dx’, (12) 
where gap are the components of an Euclidean metric 
on three dimensional space. Now let us assume that y 
evolves in accordance with (11). If we choose to work 
with a spatial volume element dV, which will give us 
our coarse grained wave function ®, it follows from 
(10) and (11) that this gives rise to a new Lagrangian 


L = må" garq’ [2 + mhd V /8 (13) 


This describes motion on a Riemannian manifold 
whose line element is given by: 


ds’ = N*(q,1\(dq) [Gij ldg dg ldGir+Gisdg y] (14) 


where [G;;] is a symmetric nondegenerate two form 
whose inverse gives back [dg sx]; while N`! has units 
of velocity and hence [A] must have dimensions of 
energyxlength. The associated Hamiltonian flow 
equation 


ôL i aro) ae 


cae ee =0 (15) 
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ôġ 
yields equations 


a+ Tp xa m4 Phy fm THY" =O, 
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together with its complex conjugate 
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For slowly varying fields over small distances such that 
Z << |Ø], one may expand this equation upto first 
order in Olp, 2, IAP, h). One finds, upon compar- 
ing coefficients of various powers of momenta, first 
order corrections arise only due to terms containing 
A% = A!! = ©. In other words, because we have 
chosen |K] arbitrarily close but nonzero there are cor- 
rections arising from quantum gravity effects only via 
second order terms involving (©/| BY Y\(VreiK). On writ- 
ing (17), upto these terms it reduces to 


> 


(P — A) pa = —i{paa' [In(Q) — R/6] 
-T™ — A'lps.}. 


6 Gravitational Interactions in 
Higher Dimensional Space- 
time: An Equivalence between 
Weyl Spinor Potentials and 
Graviphoton field 


The effective lagrangian for gravitational interactions 
in five dimensional space-time appears equivalent - in 
terms nonrelativistic limit as far as possible Lorentz 
invariance violation effects goes to Einstein Field 
equations expressed suitably adapted for weak grav- 
ity regime. This suggests equivalence between prop- 
agation effects described here through 5” rank ten- 
sor potential term constructed using internal curvature 
tensor together with graviphoton field strengths and 
via self interacting Weyl spinor potentials acting di- 
rectly on states propagating along equatorial subman- 
ifold of higher dimensional vacuum spacetime back- 
ground. This suggestion is motivated from the fact that 
we can derive Dirac’s equation in both cases follow- 
ing same general scheme for decoupling, first order 
reduced quantum mechanical system, by quantising 
the free theory by eliminating the degrees of freedom 
associated with extra dimensions. However a signifi- 
cant difference between these two types of interaction 


must be pointed out: The dimensionality of this type 
(Weyl) gravitational potential does not couple to ex- 
ternal source particle current density (massless scalar 
wave function), which means it cannot be observed 
like other forces due to its geometrical nature. How- 
ever such information can still be inferred from scat- 
tering experiments which involves transitioning into 
different representation spaces within single multiplets 
labelled by azimuthal angle ¢. 


w(x) = etA[Tplefus(R)Ke tice (0) (18) 


In above expression € matrices are determined 
up to sign factors depending on metric signature used 


- 0 1 
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biguity is fixed uniquely choosing positive or negative 
signature respectively throughout this article. 


With these results we are able to deduce momen- 
tum matrix element probability densities defined as 
follows: 


hh ô 
APY = — |vpgh" 


al (+) 
F aa + EDW EUD” 
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(19) 
where (pg) = (12),(15) and summation over re- 
peated indices (lns) indicates symmetrisation over cor- 
responding indices and subtraction when any pair con- 
tracted; A indicates averaging over quantum mechani- 
cal ensemble average taken over initial wave functions 
resulting in symmetric component (A = Tr[y]) if nor- 
mal ordered expression is considered while asymmet- 
ric component comes into picture otherwise. 


Further studies indicate that given condition 
implies specific constraint relations among curvatures 
having various values including those connected with 
conical singularities, but allowing singularity structure 
consistent only with 2D surfaces (for euclidean sig- 
nature). Such topology changing configurations are 
naturally interpreted as horizon related phenomena be- 
ing characteristic features arising due to compactifica- 
tion process taking place during propagation effect or 
quantum tunnelling across singular surfaces generated 
dynamically. Moreover such changes make physical 
sense since one could expect very little or no change 
to occur when topology remains constant during cor- 
responding evolution. 


7 Conclusion 


In conclusion, we find it very surprising that a new 
class of virtual particles may still be accessible for 
observation here providing interesting possibilities for 
cosmology as well as particle physics implications 
both theoretically and phenomenologically. Further- 
more, considering pair creation rates are highly sen- 
sitive to small perturbations near de Sitter horizon, it 
would be imperative to take this picture further us- 
ing more sophisticated numerical techniques or per- 
haps analytically through techniques developed previ- 
ously such as those used within loop quantum gravity 
including various notions borrowed directly off holo- 
graphic screens; likewise possible phase transitions 
arising when spatial dimensions grow large might pro- 
vide significant observational consequences but need 
strong confirmation yet. 

There’s qualitative agreement with Hawking pre- 
dictions regarding presence of negative vacuum energy 
densities arising precisely below particle horizons due 
to fact that it was necessary here only to satisfy con- 
ditions near the cosmological horizon. As a result, no 
such prediction occurs near the apparent causal bound- 
ary or singularity inside black holes but only outside 
their actual event horizons since positive contribution 
now appears absent around both. To say nothing else, 
we again confirm lack evidence for superluminal prop- 
agation hence faster than light signaling associated 
with photons reaching infinity ever lasting violations 
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